Aim: The goal of this study was to investigate the expression of fibronectin (FN) and the correlated abundance of neuroligins (NLs) in the enteric nervous system (ENS) and to find a novel diagnostic marker in the serum of Hirschsprung disease (HSCR) patients. Results: These studies showed that both neuroligin-1 and neuroligin-2 were expressed at low levels in aganglionic segments and at intermediate levels in transitional segments compared to their high level of expression in normal tissue. In contrast, FN expression was negatively correlated, with expression in these three samples transitioning from highest to lowest. The serum FN level was higher in HSCR than in non-HSCR, but no significant difference between short-type HSCR and long-type HSCR was observed.
surgery or colostomy have been a consensus therapy and performed in clinical practice for years, the pathogenesis of HSCR remains unclear. 4 To date, there are two major theories that explain the morbidity of HSCR in children. One is that mutations in a variety of genes are responsible for the pathogenesis of HSCR, including ret proto-oncogene (RET), sex determining region Y-box 10 (SOX10), glial cell-derived neurotrophic factor (GDNF), and endothelin receptor B (EDNRB); such mutations mostly occur in familial cases. 5, 6 Neuroligins (NLs) are a family of postsynaptic transmembrane cell-adhesion proteins that feature a long extracellular domain and a short intracellular domain and have been shown to be involved in synaptogenesis with neurexins. 7 The aberrant expression of both NLs and neurexins has been widely reported in central nervous system (CNS) diseases that affect cognition, such as Alzheimer's disease and autism. 8, 9 Although much less research has been conducted in the enteric nervous system (ENS), we know that the CNS affects and communicates with the ENS through neuroendocrine functions. 10 The other theory to explain the morbidity of HSCR is that an abnormal extracellular matrix or dysregulation of a proportion of extracellular matrix components might affect the microenvironment surrounding the enteric neural crest cells (eNCCs). These changes may be responsible for the innervation deficiency due to incomplete colonization of eNCCs in the gut in HSCR. [11] [12] [13] Here, we chose to further investigate the pathogenic mechanism for the expression of both NLs and fibronectin (FN) in HSCR.
We proposed the hypothesis that the synapse-related genes and the extracellular matrix microenvironment collectively affect intrinsic innervation of the distal bowel. Currently, for patients in which HSCR is highly suspected based on clinical features and radiological investigations, a definitive diagnosis can be made only on histological evaluation of a rectal biopsy. 4 Therefore, we also wanted to develop a more convenient and less painful diagnostic method to prevent the suffering of pediatric patients and the anxiety of their parents that is caused by biopsy.
| MATERIALS AND METHODS

| Patients and sample preparation
These studies were reviewed and approved (NO. 12025) by the Institution Review Board of Qilu Hospital, Shandong University. All samples used in this study were collected from surgical excision waste tissues and routine preoperative blood tests, none of which caused any harm to the pediatric patients.
From January 2013 to December 2015, 57 children with HSCR
(1 month to 5 years old, 37 boys and 20 girls) and 57 children with indirect inguinal hernia (IIH), both treated at the Department of Pediatric Surgery of Qilu Hospital of Shandong University, were involved in this study. All these patients were matched by age and nutritional status ( and stored at −80°C for enzyme-linked immunosorbent assay (ELISA).
| Functional study of the down-regulatory effects of fibronectin on neuroligins
The down-regulatory effects of fibronectin on neuroligin-1 and neuroligin-2 were studied in PC12 cell cultures, and the fibronectin gene was knocked down with the RNA interference technique. The rat PC12 cell line (a rat pheochromocytoma derived from neural crest cells that is widely used in studies of neuronal disease and in in vitro neurobiological studies 14 ) was purchased from the cell bank of the Institute of Biochemistry and Cell Biology (Shanghai, China). The PC12 cells were cultured in 24-cell culture dishes (ϕ=55 mm) in RPMI-1640 medium (Gibco) with 10% horse serum (Gibco, MA, USA) and 5% fetal bovine serum (Gibco, MA, USA) at 37°C, 5% CO 2 . The PC12 cell culture dishes were randomly divided into
Key Points
• The reason for the occurrence of Hirschsprung disease remains unknown; in addition, for the diagnosis of Hirschsprung disease, pediatric patients must endure preoperative biopsy.
• Using a large set of clinical samples, we measured the expression of fibronectin, neuroligin-1 and neuroligin-2 in different colon tissues and elaborated on their influence in the development of the enteric nervous system.
• This study may help increase understanding of the microenvironment in the occurrence of Hirschsprung disease and potentially identify new makers for diagnosis.
T A B L E 
| Immunohistochemical single staining
Tissue samples of aganglionic, transitional, and normal segments of the colon of HSCR patients were used in the study. The immunohistochemical procedure used was similar to that used previously. 15 Briefly, fixed tissue samples were embedded in paraffin, and 4 μm sections were cut and collected on glass slides. The sections were dewaxed with xylene and rehydrated in graded alcohols. After the sections were processed for antigen retrieval in 0.01 M sodium citrate buffer at 95°C for 20 minutes, they were incubated in 3% H 2 O 2 for 10 minutes to inactivate endogenous peroxidases. The sections were then blocked in 10% normal goat serum in PBS for 30 minutes to prevent non-specific staining. Primary antibodies were used to detect the abundance of neuroligins (goat antihuman polyclonal antibodies for neuroligin-1 and neuroligin-2, Santa
Cruz, CA, USA, 1:150 dilution) and fibronectin (rat antihuman polyclonal for fibronectin, Abcam, MA, USA, 1:400 dilution) via incubation at 4°C
overnight. On the negative control slides, PBS was used to replace the primary antibodies during the incubation. After the sections were washed in PBS three times (10 minutes each), they were incubated with an appropriate secondary antibody (mouse antirat and mouse antigoat 1:500, Beyotime, Shanghai, China) at 37°C for 1 hour. The Polink-2 plus
Polymer HRP Detection System (ZSGB-BIO, Beijing, China) and DAB Kit (ZSGB-BIO, Beijing, China) were used to visualize the immunoreactivity.
The sections were then counterstained with hematoxylin, differentiated with hydrochloric acid ethanol, blued with tap water, and dehydrated with graded alcohols. Finally, the sections were permanently mounted.
The sections were viewed with an Olympus microscope (Olympus, Tokyo, Japan), and photographs were taken with Image-Pro Plus 2D image analysis software (Media Cybernetics, Bethesda, MD, USA).
| Immunohistochemical double staining
The paraffin sections of aganglionic, transitional, and ganglionic segments of the colon from HSCR patients were also processed for immunohistochemical double staining. After the sections were dewaxed and rehydrated, they were blocked with 10% normal goat serum in PBS for China, 1:400 dilution) in a dark box at 37°C for 1 hour. After the sections were washed with PBS three times (10 minutes each), they were mounted with neutral gum, and the immunoreactivity was observed using a laser scanning fluorescence microscope (Olympus, Tokyo, Japan). Fluorescence photographs were digitally captured.
| Western blot analysis
From each segment of each patient, 100 mg samples were thawed in the sterile tubes at room temperature and divided equally into two parts 
| Quantitative PCR (qPCR) assay
Total RNA was isolated with a method described previously. 16 Briefly, total RNA from 50 mg tissue samples of three different segments of colon from the HSCR patients was extracted using the Total RNA Isolation Kit (RNAiso Plus, Takara, Shiga, Japan) according to the manufacturer's instructions. The reaction solution consisted of 10 μL PCR reaction buffer (2x), 1 μL forward primer (10 μmol/L), 1 μL reverse primer (10 μmol/L), and 2 μL cDNA. The PCR was carried out in a Roche Applied Science LightCycler 480 Real-time PCR system. After the reaction, the Ct of each sample was measured, and the 2 −△△Ct value was calculated. 17 The results were expressed relative to the number of β-actin transcripts used as an internal control. All reactions were repeated three times. The primers and annealing temperatures used for PCR are shown in Table 2 .
| ELISA
In all, 114 serum samples (57 from HSCR patients and 57 from IIH patients) were stored at −80°C. All samples were thawed on ice for preparation, and a serum ELISA kit (R&D Systems, MN, USA) was used to detect the level of fibronectin. Samples were then added to 96-well detection plates (10 μL per well), and each sample was analyzed in triplicate. After the reaction, the OD values were measured, and the actual serum fibronectin concentration was calculated according to the standard curve.
| Statistical analysis
The data were analyzed with GraphPad Prism ® 5 software (La Jolla, CA, USA) and expressed as the mean±SD. Unpaired t tests were used for comparisons between two groups, and one-way analysis of variance (ANOVA) was used for comparisons among three groups. All P values were calculated by two-sided analysis, and values less than .05
were considered statistically significant.
| RESULTS
| Immunohistochemical single staining
Immunohistochemical single staining was performed to detect the localization and intensity of neuroligin-1 ( Figure 1, A1-3 ), neuroligin-2 ( Figure 1, B1-3 ) and fibronectin ( Figure 1, C1-3 ) immunoreactivity in paraffin-embedded sections of aganglionic, transitional, and ganglionic colonic segments of HSCR patients. The intensity of fibronectin immunoreactivity was strongest in aganglionic segments (C1) and gradually decreased from transitional segments (C2) to ganglionic segments (C3). However, neuroligin-1 and neuroligin-2 immunoreactivity was strongest in ganglionic segments (A3 and B3), mild in transitional segments (A2 and B2) and virtually absent in aganglionic segments (A1 and B1).
| Immunohistochemical double staining
Immunohistochemical double staining ( 
| Expression of fibronectin and neuroligins in HSCR
Western blot analysis was used to detect the expression of neuroligin-1 (NL1), neuroligin-2 (NL2) and fibronectin (FN) immunoreactivity 
| Functional study of the down-regulatory effects of fibronectin on neuroligins
The down-regulatory effects of fibronectin on neuroligin-1 and neuroligin-2 were studied in PC12 cell cultures in which the fi- 
| Enzyme-linked immunosorbent assay
Serum fibronectin (FN) was measured by ELISA, as shown in Figure 5 . 
F I G U R E 1
The localization and intensity of neuroligin-1 (NL1, A1-3), neuroligin-2 (NL2, B1-3), and fibronectin (FN, C1-3) immunoreactivity in paraffinembedded sections of aganglionic, transitional, and ganglionic segments of HSCR patients. Neuroligin-1 and neuroligin-2 immunoreactivity was strongest in ganglionic segments (A3 and B3), mild in transitional segments (A2 and B2) and almost absent in aganglionic segments (A1 and B1). However, fibronectin immunoreactivity was strongest in aganglionic segments (C1) and decreased gradually from transitional segments (C2) to ganglionic segments (C3). Scale bar: 100 μm
| DISCUSSION
Currently, it is widely accepted that the development and coordinated function of synapses in the CNS plays a key role in human learning and memory. Particularly, the formation and connection of synapses affects embryonic brain development. When the excitatory/inhibitory synaptic balance or the pathways of neuronal networks are altered, mental diseases are more likely to occur in the CNS. 18 As similarity and bidirectional communication exist between the CNS and ENS, the pathogenesis of CNS diseases may be similar to that of ENS diseases.
NLs are postsynaptic transmembrane cell-adhesion proteins that mediate the formation and regulation of synapses between neurons. 19 Deletions or mutations in the neuroligin-3 and neuroligin-4 genes have been implicated in autism spectrum disorder (ASD) and intellectual disability because of synapse dysfunction. 20, 21 Furthermore, ASD patients commonly suffer from gastrointestinal (GI) problems
The co-expression of neuroligin-1 (NL1, A1-C1, red) or neuroligin-2 (NL2, D1-F1, red) with fibronectin (FN, A2-F2, green) in myenteric plexus (A3-F3, merged) of aganglionic segments (A and D), transitional segments (B and E) and ganglionic segments (C and F). The immunoreactive products of both neuroligin-1 and neuroligin-2 were mainly located in the myenteric plexus, that is, between the longitudinal muscle and the circular muscle. The intensity of the immunoreactivity of fibronectin and the neuroligins showed a negative correlation. That is, fibronectin immunoreactivity was strongest in aganglionic segments (A2 and D2) and decreased gradually from transitional segments (B2 and E2) to ganglionic segments (C2 and F2). In contrast, neuroligin-1 and neuroligin-2 immunoreactivity was strongest in ganglionic segments (C1 and F1), mild in transitional segments (B1 and E1) and almost absent in aganglionic segments (A1 and D1). From merged photographs, we could see that the fibronectin immunoreactive product was primarily located around the neuroligin immunoreactive product. Some of the neuroligin immunoreactive product colocalized with the fibronectin immunoreactive product in the myenteric nerve fibers (arrows). Scale bar=100 μm
related to abnormal changes in GI structure and function. We observed, in our previous study, that the expression of neuroligin-2 in the ENS was significantly decreased in aganglionic colonic segments from HSCR patients; this effect may correlate with ENS dysplasia and ultimately result in excessive intestinal contraction in HSCR. 16 In the present study, we examined NL (both neuroligin-1 and neuroligin-2) expression in the aganglionic, transitional, and ganglionic colonic seg- Among all of the HSCR patients, only 20% of cases were familial, but these cases had a high rate of recurrence of 7.6%. Of these cases, 62% occurred in siblings, 22% occurred between parents and offspring and 16% occurred in other relatives. Thus, the majority of cases were sporadic, and the genes associated with the ENS were normal. 23 The remaining 80% of sporadic cases highlights the need to understand the etiology and pathogenic mechanism of this disease.
As mentioned in the literature review, the components and proportion of the extracellular matrix surrounding neurons may affect the developing and postnatal ENS. 24, 25 In a transgenic mouse model that expresses high levels of collagen VI protein, increased expression during ENS development resulted in slower migration of eNCCs. 11 FN, as an important component of the extracellular matrix, plays a major role in cell adhesion, growth, migration, and differentiation as well as in the processes of embryonic development. 26 We hypothesized that FN with that in ganglionic segments.
F I G U R E 4
Down-regulatory effects of fibronectin on neuroligins studied in PC12 cell cultures in which the fibronectin gene was knockdowned with the siRNA technique. (A) PC12 cell culture pictures of both the fibronectin knock-down (KD) and negative control (NC) group were captured at 24, 48, and 72 hours after the PC12 medium containing nerve growth factor was replaced. There were no significant differences in the PC12 cell sizes and cell densities between the KD group and NC group at those three time points, suggesting that the siRNA treatment did not affect the growth of the PC12 cells in the cultures. 
